Brucella abortus strain RB51 is a stable, rough, attenuated mutant widely used as a live vaccine for bovine brucellosis. Our ultimate goal is to develop strain RB51 as a preferential vector for the delivery of protective antigens of other intracellular pathogens to which the induction of a strong Th1 type of immune response is needed for effective protection. As a first step in that direction, we studied the expression of a foreign reporter protein, ␤-galactosidase of Escherichia coli, and the 65-kDa heat shock protein (HSP65) of Mycobacterium bovis in strain RB51. We cloned the promoter sequences of Brucella sodC and groE genes in pBBR1MCS to generate plasmids pBBSODpro and pBBgroE, respectively. The genes for ␤-galactosidase (lacZ) and HSP65 were cloned in these plasmids and used to transform strain RB51. An enzyme assay in the recombinant RB51 strains indicated that the level of ␤-galactosidase expression is higher under the groE promoter than under the sodC promoter. In strain RB51 containing pBBgroE/lacZ, but not pBBSODpro/lacZ, increased levels of ␤-galactosidase expression were observed after subjecting the bacteria to heat shock or following internalization into macrophage-like J774A.1 cells. Mice vaccinated with either of the ␤-galactosidase-expressing recombinant RB51 strains developed specific antibodies of predominantly the immunoglobulin G2a (IgG2a) isotype, and in vitro stimulation of their splenocytes with ␤-galactosidase induced the secretion of gamma interferon (IFN-␥), but not interleukin-4 (IL-4). A Th1 type of immune response to HSP65, as indicated by the presence of specific serum IgG2a, but not IgG1, antibodies, and IFN-␥, but not IL-4, secretion by the specific-antigen-stimulated splenocytes, was also detected in mice vaccinated with strain RB51 containing pBBgroE/hsp65. Studies with mice indicated that expression of ␤-galactosidase or HSP65 did not alter either the attenuation characteristics of strain RB51 or its vaccine efficacy against B. abortus 2308 challenge.
Brucella abortus is a faculatatively intracellular, gram-negative bacterial pathogen that can cause abortion in pregnant cattle and undulant fever in humans (1) . In the infected host, B. abortus multiplies within the endosomes of phagocytic cells by inhibiting the phago-lysosome fusion (13) . Rough mutants which do not contain the O antigen (O polysaccharide chain of the smooth lipopolysaccharide) are attenuated in their virulence compared to their smooth virulent parent B. abortus strains (3, 24, 30, 39) . Similar to most of the intracellular bacterial infections, cell-mediated immunity (CMI) appears to play a major role in acquired resistance to brucellosis, although antibodies to surface antigens, especially to the O antigen, can confer a certain level of protection against a challenge infection in some host species, such as mice (4, 5, 13) . Attenuated, live B. abortus vaccines have been highly successful in protecting against bovine brucellosis. Recent studies demonstrated that B. abortus induces a Th1 type of immune responses, and inhibits both the primary and secondary Th2 types of immune responses (2, 31) .
B. abortus strain RB51 is a stable rough mutant derived from the standard virulent strain 2308 (30) . Being a rough strain, vaccination with RB51 does not result in O antigen-specific antibodies, thereby greatly facilitating the serological differentiation of infected and vaccinated animals. This strain is currently employed as the official vaccine for cattle brucellosis in the United States and several other countries. The vaccine efficacy and stability of strain RB51 have been well demonstrated under laboratory as well as field conditions (9, 10, 16, 21, 27) . Protection afforded by strain RB51 vaccination is through induction of specific CMI (5) . Studies in our laboratory indicate that RB51 preferentially induces the Th1 type of immune responses (35, 36) . We reasoned that all of the advantageous vaccinal qualities of strain RB51 could be exploited by developing this vaccine strain as a vector for the delivery of protective proteins of other intracellular pathogens in which Th1 type immune responses are essential for the protection. As a first step in that direction, we constructed two broad-hostrange plasmids containing the promoters of the Brucella sodC and groE genes. Utilizing these plasmids, we expressed a foreign reporter protein, ␤-galactosidase of Escherichia coli, and a mycobacterial protective antigen, the 65-kDa heat shock protein (HSP65), in RB51 and studied the type of specific antibody and CMI responses developed in the mice vaccinated with the recombinant RB51 strains.
MATERIALS AND METHODS
Bacterial strains, plasmids, antigens, and antibodies. B. abortus strains 2308 and RB51 were from our culture collection. E. coli DH5␣ was purchased from GIBCO-BRL. All of the bacteria were grown in tryptic soy broth (TSB) or tryptic soy agar (TSA) at 37°C as previously described (30) . The plasmids used in this study are listed in Table 1 . Bacteria containing plasmids were grown in presence of the appropriate antibiotics (Table 1) Cloning of the gene encoding HSP65 of M. bovis BCG. The gene for HSP65 was amplified via PCR from the genomic DNA of M. bovis BCG. A primer pair consisting of one forward primer (5Ј AGA TCT CCC CCG GTT TCA CCC CG 3Ј) and one reverse primer (5Ј TCT AGA ACT TCT CGC CGG GGT CAG 3Ј) were designed based on the nucleotide sequence (GenBank accession no. M17705). The forward primer was selected from the region immediately upstream of the ribosomal binding site (RBS) so that the amplified fragment contained the RBS and open reading frame of hsp65. A restriction site was engineered into each primer (BglII in the forward primer, and XbaI in the reverse primer) to facilitate directional cloning in the expression vector pBBgroE. Ready-To-Go PCR beads (Pharmacia Biotech) were used for the PCR. Amplification was performed in an Omni Gene thermocycler (Hybaid, Franklin, Mass.) at 95°C for 5 min, followed by 35 cycles that each included 1 min of denaturation at 95°C, 2 min of annealing at 62°C, and 2 min of extension at 72°C. The amplified gene fragment was cloned into the pCR2.1 vector of the TA cloning system (Invitrogen, Inc., San Diego, Calif.).
Construction of plasmids for ␤-galactosidase and HSP65 expression. The strategy depicted in Fig. 1A and B was followed to clone the promoter sequences of B. abortus sodC and groE genes in plasmid pBBR1MCS to generate plasmids pBBSODpro and pBBgroE, respectively. In both plasmids, a foreign gene along with its RBS can be cloned in the indicated restriction sites to achieve the expression of complete protein. In addition, in pBBSODpro, a foreign gene can be cloned in frame with the signal peptide-coding nucleotide sequences of sodC to obtain a fusion protein that can be translocated to the periplasmic space. As shown in Fig. 1C , the truncated lacZ gene containing a deletion of eight codons at the 5Ј end was excised from pMC1871 and subcloned in pRSETB to generate pRSET/␤gal. This cloning step was performed to create the RBS and start codon at the 5Ј end of the lacZ open reading frame. From pRSET/␤gal, the insert encompassing the lacZ gene and RBS was excised by an XbaI-XhoI double digestion, blunt ended with the Klenow fragment, and cloned in BamHI-digested and blunt-ended pBBSODpro or pBBgroE. E. coli DH5␣ cells transformed with pBBSODpro/lacZ or pBBgroE/lacZ were grown on TSA plates containing chloramphenicol and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside). Blue colonies expressing ␤-galactosidase were selected for plasmid extraction. The gene for HSP65 was excised from the pCR2.1 plasmid with BglII and XbaI digestion and subcloned into BamHI and XbaI sites of pBBgroE to generate pBBgroE/hsp65. The recombinant plasmids constructed were first transformed into E. coli DH5␣ cells. Subsequently, the purified plasmids were used to transform B. abortus RB51.
Transformation of B. abortus RB51. Recombinant plasmids that were extracted from the E. coli cells were electroporated into strain RB51 according to methods previously described (23) . The chloramphenicol-resistant B. abortus RB51 colonies were analyzed by the enzyme assay for the expression of ␤-galactosidase and by Western blot analysis for the expression of HSP65. B. abortus RB51 strains containing plasmids pBBgroE, pBBSODpro, pBBgroE/lacZ, pBBSODpro/lacZ, and pBBgroE/hsp65 were designated RB51G, RB51S, RB51G/LacZ, RB51S/LacZ, and RB51G/HSP, respectively.
␤-Galactosidase enzyme assay. ␤-Galactosidase was assayed in B. abortus RB51 by the methods, with some modifications, described by Miller for E. coli (25) . Briefly, 100 l of RB51 cells in the late-log phase was added to 900 l of Z buffer (6 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 50 mM ␤-mercaptoethanol) and permeabilized with 20 l of chloroform and 10 l of 0.1% sodium dodecyl sulfate. The mixtures were mixed by vortexing for 20 s and incubated for 5 min at room temperature. Two hundred microliters of substrate solution (4 mg of o-nitrophenyl galactosidase per ml in Z buffer) was added, and the mixture was incubated for 3 min at room temperature before the reaction was stopped by adding 0.5 ml of 1 M Na 2 CO 3 . The solutions were centrifuged for 5 min at 15,000 ϫ g, the A 420 was measured, and the ␤-galactosidase activity in modified Miller units was calculated with the following formula: (OD 420 ϫ 1,000)/(t ϫ v ϫ log 10 CFU/ml), where OD 420 is the optical density at 420 nm, t is the incubation time in minutes, and v is the volume of culture used in milliliters.
Expression of ␤-galactosidase by the intracellularly located recombinant strains of RB51. The effect of intracellular localization of recombinant strains of RB51 on the expression of ␤-galactosidase was examined with J774A.1 cells (American Type Culture Collection, Manassas, Va.). Previously described methods were used to infect J774A.1 cells with the recombinant strains of RB51 (40) . Briefly, J774A.1 cells cultured in 75-cm 2 flasks for 24 h with antibiotic-free medium were infected with 5 ϫ 10 9 CFU (1/100 ratio) of RB51, RB51G, RB51S, RB51G/LacZ, or RB51S/LacZ. After 1 h of incubation at 37°C, the bacterial suspension was removed, and the monolayers were washed with medium containing gentamicin to kill the extracellular bacteria. After being cultured for 12 more hours in medium containing gentamicin, the monlayers were washed three times, and the cells were lysed with 0.1% deoxycholate solution. The lysates were assayed for the ␤-galactosidase activity. The CFU of Brucella in the lysates were determined by plating the 10-fold serial dilutions onto TSA.
Mouse experiments. Female BALB/c mice 4 to 6 weeks of age were used. Thirteen mice of each group were each vaccinated with ϳ4 ϫ 10 8 CFU of RB51S/LacZ, RB51G/LacZ, RB51G/HSP, or RB51. As a negative control, another group of eight mice was injected with saline alone. Five mice from each group, except the saline-inoculated group, were sacrificed at 4 weeks postinoculation (p.i.) to determine the bacterial CFU in their spleens. Three mice from each group were bled at 4 and 6 weeks p.i. to obtain sera for enzyme-linked immunosorbent assay (ELISA) and Western blot analyses. Also at 6 weeks p.i., three mice from each group were sacrificed, and their splenocytes were used for in vitro culture to determine cytokine production. At 6 weeks p.i., five mice from each group were challenge infected intraperitoneally with 2 ϫ 10 4 CFU of B. abortus strain 2308. Two weeks after the challenge infection, the mice were killed, bacteria from their spleens were recovered, and CFU were determined.
ELISA. In the inoculated mice, the presence of serum immunoglobulin G (IgG), IgG1, and IgG2a isotypes with specificity for ␤-galactosidase or HSP65 was determined by indirect ELISA. The ␤-galactosidase and HSP65 were diluted to a 5-g/ml concentration in carbonate buffer (pH 9.6) and used to coat the wells of polystyrene plates (100 l/well; Nunc-Immuno plate with a MaxiSorp surface). After overnight incubation at 4°C, the plates were washed four times in wash buffer (Tris-buffered saline [TBS] at pH 7.4, 0.05% Tween 20) and blocked with 2% bovine serum albumin (BSA) in TBS. After 1 h at room temperature, the blocking solution was discarded, and the diluted mouse serum samples (1:100 dilution in blocking solution) were added to the wells (50 l/well). Each serum sample was tested in triplicate wells. The plates were incubated for 4 h at room temperature and washed four times, and isotype-specific goat anti-mouse horseradish peroxidase conjugates (Caltag Laboratories, San Francisco, Calif.) were added (50 l/well) at an appropriate dilution. After 1 h of incubation at room temperature, the plates were washed four times, and 100 l of substrate solution (TMB Microwell peroxidase substrate; Kirkegaard & Perry Laboratories, Gaithersburg, Md.) was added to each well. After 20 min of incubation at room temperature, the enzyme reaction was stopped by adding 100 l of stop solution (0.185 M sulfuric acid), and the A 450 was recorded with a microplate reader (Molecular Devices, Sunnyvale, Calif.).
Cytokine quantitation. Splenocytes from the inoculated mice were obtained according to methods previously described (36) and were cultured in the presence of 0.5 g of ␤-galactosidase, 0.25 g of mycobacterial HSP65, 5 g of B. abortus RB51 crude extract (25), 0.5 g of concanavalin A, or no additives (unstimulated control). The cells were cultured for 5 days, and their supernatants were tested for the presence of gamma interferon (IFN-␥) and interleukin-4 (IL-4) by previously described sandwich ELISAs (36) with recombinant mouse IFN-␥ and IL-4 as standards (PharMingen, San Diego, Calif.). In these assays, the lower detection limits were 100 and 10 pg for the IFN-␥ and IL-4 assays, respectively. The assays were performed in triplicate.
Statistical analyses. The data for ELISA and IFN-␥ production were subjected to analysis of variance, and the means were compared by using Tukey's honest significant difference procedure (20) . The data for ␤-galactosidase activity and bacterial numbers in the spleens of mice were analyzed by Student's t test. 
RESULTS
Expression of ␤-galactosidase and HSP65 in RB51. B. abortus strains RB51G/LacZ and RB51S/LacZ expressed ␤-galactosidase, as determined first by the appearance of blue colonies on TSA plates containing X-Gal and later by assaying the enzyme in the bacteria grown in TSB cultures (Fig. 2) . Comparison of the ␤-galactosidase activity in strains RB51G/LacZ and RB51S/LacZ revealed that the expression under the groE promoter was significantly higher than that under the sodC promoter. No enzymatic activity was detected either in strains RB51, RB51G, and RB51S or in culture supernatants of strains RB51G/LacZ and RB51S/LacZ (data not shown). Expression of HSP65 in strain RB51G/HSP was detected by Western blotting with polyclonal antisera to E. coli GroEL and a monoclonal antibody to the mycobacterial HSP65. As expected, the polyclonal sera reacted with both Brucella GroEL and mycobacterial HSP65, whereas the monoclonal antibody reacted with the latter protein only (Fig. 3) .
Influence of stress stimuli on the activity of Brucella promoters. In order to determine the activity of the cloned promoter sequences, we examined the effect of specific stress stimuli on the level of ␤-galactosidase expression and compared it with the level of expression determined at 37°C. Heat shocking by incubating the bacterial cultures at 42°C for 20 min resulted in a significant increase in the ␤-galactosidase activity in strain RB51G/LacZ; no change in activity was observed in strain RB51S/LacZ (Fig. 2) . Addition of H 2 O 2 to the bacterial cultures at a concentration of 0.005% slightly, but not significantly, increased the ␤-galactosidase activity only in strain RB51S/LacZ (Fig. 2 ). The heat shock and H 2 O 2 treatments did not affect the viability of either strain. Upon intracellular localization in J774A.1 cells, ␤-galactosidase activity in strain RB51G/LacZ increased significantly, whereas in strain RB51S/ LacZ, it decreased significantly (Fig. 2) .
Induction of Th1 type immune responses in mice. Specific antibody and CMI responses of the vaccinated mice were determined by ELISA and cytokine quantitation, respectively. Mice vaccinated with strain RB51G/LacZ and RB51S/LacZ, but not those immunized with strain RB51 or inoculated with saline, developed ␤-galactosidase-specific IgG (Fig. 4A) . Subisotype analysis indicated that the developed antibodies were predominantly IgG2a. Very low levels of IgG1 antibodies specific to ␤-galactosidase were detected (Fig. 4A) . Comparison between the two groups demonstrate that mice immunized with strain RB51G/LacZ developed a higher concentration of ␤-galactosidase-specific antibodies. Mice in all groups, except the saline-inoculated one, developed similar concentrations of antibodies specific to the antigens of strain RB51 ( Fig. 4B ; data for the group immunized with strain RB51G/HSP are not shown). Again, these antibodies were predominantly of IgG2a subisotype, and no IgG1 was detected. Mice immunized with strain RB51G/HSP developed HSP65-specific antibodies of the IgG2a subisotype (Fig. 5) , but not IgG1 (data not shown). Sera from strain RB51-vaccinated mice, but not saline-inoculated ones, also reacted with HSP65, indicating a cross-reactivity between HSP65 and an antigen, most probably GroEL, of strain RB51 (Fig. 5) .
After stimulation with specific antigens, IFN-␥, but not IL-4 (data not shown), was detected in the culture supernatants of splenocytes obtained from the vaccinated mice. Splenocytes stimulated with antigen extracts of strain RB51 secreted similar concentrations of IFN-␥ (Table 2) . However, when stimulated with ␤-galactosidase, splenocytes from mice vaccinated with strain RB51G/LacZ produced significantly more IFN-␥ than the splenocytes from mice vaccinated with strain RB51S/ LacZ. Stimulation with ␤-galactosidase did not induce the secretion of IFN-␥ from splenocytes of strain RB51-or salineinoculated mice. Splenocytes from strain RB51G/HSP, but not strain RB51-or saline-inoculated mice, secreted IFN-␥ upon stimulation with HSP65. Splenocytes from all groups produced similar concentrations of IFN-␥ and IL-4 when stimulated with concanavalin A (data not shown).
Attenuation and vaccine efficacy of the recombinant RB51 strains. No significant difference in the number of Brucella present in the spleens of vaccinated mice at 4 weeks was observed (Fig. 6) . Also, the levels of protection against a challenge infection with B. abortus 2308 were similar in all of the vaccinated mice (Fig. 6 ).
DISCUSSION
In this study, we constructed two expression plasmids containing the promoters of Brucella sodC and groE genes. Using these plasmids and the lacZ and hsp65 genes of E. coli and M. bovis, respectively, we demonstrated that (i) B. abortus vaccine   FIG. 2 . ␤-Galactosidase activity in strains RB51S/LacZ and RB51G/LacZ at 37°C and in response to the indicated stress conditions. Groups marked with one asterisk are significantly different from each other. In both strains, groups marked with two asterisks are significantly different from the 37°C group of their respective strain. P Ͻ 0.05 is considered significant. foreign protein in quantities sufficient to induce an immune response, we examined the activity of Brucella sodC and groE promoters by determining the levels of ␤-galactosidase expression in strains RB51G/LacZ and RB51S/LacZ. In the case of the sodC promoter, no significant increase in its activity was observed under the stress conditions tested. However, we observed a significant decrease in the sodC promoter's activity when the bacteria were localized within the macrophage-like J774A.1 cells. This observation supports a previous finding indicating that the expression of Cu/Zn superoxide dismutase in B. abortus is decreased during intracellular growth in bovine macrophages (28) . In contrast, a significant increase in the activity of groE promoter under heat shock conditions and upon intracellular localization of RB51G/LacZ was observed. This was expected based on the previously published characterization of groE promoters of other intracellular bacteria, which also demonstrated similar activities (6, 14, 15, 19) . In addition, increased expression of GroEL protein in B. abortus was documented when the bacteria were subjected to different stress stimuli (28) ; this can be attributed to the enhanced activity of the groE promoter. Although vaccination of mice with either RB51G/LacZ or RB51S/LacZ induced ␤-galactosidase-specific immune responses, these responses were stronger in the case of RB51G/LacZ vaccination. This can be directly correlated with the higher levels of ␤-galactosidase expression under the groE promoter, especially after intracellular localization of the bacteria within the macrophages. In the case of HSP65, it should be mentioned that we were unable to detect significant levels of HSP65-specific immune responses in mice vaccinated with a recombinant RB51 strain expressing HSP65 under the sodC promoter, suggesting that expression of heterologous proteins in sufficient quantities is essential for the induction of detectable immune responses. The presence of IgG2a, but not IgG1, antibodies specific for ␤-galactosidase or HSP65 as well as strain RB51 antigens in the serum of vaccinated mice indicates the preferential development of a Th1 type of immune response (34) . This is further corroborated by the secretion of IFN-␥, but not IL-4, by the splenocytes of vaccinated mice upon in vitro stimulation with the specific antigens. In our ELISA, sera from mice vaccinated with RB51 showed reactivity with HSP65 (Fig. 5 ). This could be due to serological cross-reactivity between HSP65 and Brucella GroEL, since there is ϳ60% amino acid sequence homology between these two proteins (29) . Similar cross-reactivity has been reported in the literature for other bacterial GroEL proteins and HSP65 (19, 32) . However, it is interesting to find in our study that the splenocytes from RB51-vaccinated mice did not produce detectable levels of IFN-␥ when stimulated with HSP65. Although the actual reason for this is not known, the dose of HSP65 (0.25 g/well) we used for the in vitro stimulation may not be sufficient to activate the cross-reactive T cells, and/or such T cells could be present at very low frequency. Using selected synthetic peptides for immunization of mice, Brett et al. (7) have shown that it is possible to elicit T cells that can cross-react with HSP65 and E. coli GroEL protein. The protective capabilities of several mycobacterial proteins, including that of HSP65, have been well studied and documented (22, 33) . Also, it is well known that the development of a Th1 type of immune response is essential for immunoprotection against infections by Mycobacterium spp. As we demonstrated in this study, along with other reports on B. abortus, it is clear that strain RB51 is a strong inducer of a Th1-biased CMI. The feasibility of expressing foreign proteins in strain RB51 makes it a strong candidate vector for the development of a live, attenuated multivalent vaccine that can provide simultaneous protection against brucellosis and infection with heterologous pathogens, such as Mycobacterium spp. Recently, several attenuated bacterial strains, including B. abortus strain 19, have been used for the expression of heterologous proteins (8, 11, 12, 17, 38, 41) . However, strain RB51 has many advantages over all other live bacterial vectors for use in several domestic and wild animals where vaccination against brucellosis is required. We have also been successful in expressing several other bacterial, parasitic, and fungal proteins of interest in strain RB51 (unpublished data), suggesting a broad scope for the utilization of RB51 as a live vaccine vector. Recently, we demonstrated that the overexpression of a protective protein of B. abortus in strain RB51 significantly increased a Values are means Ϯ standard deviations (n ϭ 3). Means with one asterisk were not significantly different from each other (P Ͼ 0.5); means with two asterisks were significantly different from each other (P Ͻ 0.01). -, below the detection limit; NT, not tested.
its vaccine efficacy against brucellosis (37) . A recombinant strain of RB51 that can overproduce homologous protective antigen(s) and simultaneously express protective proteins of other intracellular pathogens may become a very effective multivalent vaccine.
